The way in which cross-correlation coefficients of seismograms for closely located events change with frequency and event separation was investigated by using records of aftershocks of the 1995 Hyogo-Ken Nanbu, Japan, earthquake (M w = 6.9). For 11 master events (M between 2.9 and 3.5) on the mainshock fault plane and smaller events (M greater than 2.0) within 5 km of the master events, the relative hypocentre was determined with respect to each master event and cross-correlation coefficients of seismograms were calculated for a time window of 2 s including direct P waves for pairs of events in each cluster at two stations with an average hypocentral distance of 36 km and 42 km. Relative hypocentres were located within errors of several hundred metres for most of the earthquakes. Cross-correlation coefficients are high for frequencies below 8 Hz and decrease with increasing frequency above 8 Hz at both stations. It was also found that cross-correlation coefficients decay with increasing event separation. If the source-time function is assumed to be simple for small earthquakes, it may be said that dependence of cross-correlation coefficients on event separation below 8 Hz is mainly influenced by the heterogeneous structure around the earthquake source. We introduce a correlation distance where cross-correlation coefficients first become lower than 0.6 with increasing event separation. The correlation distance exhibits a clear regional difference: it is less than 4.5 km in the Awaji region and more than 4.5 km in the Kobe region. This result implies that heterogeneity of velocity structure around the earthquake source is stronger in the Awaji region than in the Kobe region. It is notable that both low-and high-frequency seismic waves radiated strongly from the Awaji region at the time of the mainshock. The correlation distance may be an indicator of heterogeneous structure around an earthquake source, which may have a close relationship to the rupture process itself.
I N T RO D U C T I O N
The cross-correlation coefficient is a fundamental measure of correlation between two different quantities. In this paper we first investigate how cross-correlation coefficients of seismograms for closely located events change with frequency and event separation. Then the reasons for the decrease in cross-correlation coefficient are discussed, together with the possibility that one may be able to estimate heterogeneous structure around earthquake sources in a stochastic way from these characteristics.
Cross-correlation of seismograms for closely spaced events has been studied for many purposes. Pairs of events whose seismograms show high (e.g. larger than 0.9) cross-correlation coefficients are usually called similar earthquakes, earthquake doublets or multiplets. Previous studies have mainly dealt with similar earthquakes. Geller & Mueller (1980) found that similar waveforms were observed for four earthquakes of M = 2.7 or so in California. They interpreted that the locations of these earthquakes were concentrated within a distance of a quarter of the predominant wavelength and that these earthquakes were caused by the recurrent rupture of the same asperity. Based on a similar idea, asperities have been found along the San Andreas Fault (Nadeau et al. 1995) and along a subducting plate boundary in northeastern Japan (Matsuzawa et al. 2002; Igarashi et al. 2003) . Analysis of the subtle change of waveforms between earthquake doublets before and after the 1979 Coyote Lake, California, earthquake, Poupinet et al. (1984) successfully detected the 0.2 per cent decrease in S-wave velocity associated with this earthquake. Several studies (e.g. Ito 1985; Deichmann & Garcia-Fernandez 1992) greatly improved the accuracy of the determination of the relative hypocentre of similar earthquakes by introducing a cross-correlation function for use in reading the difference in arrival times in two records.
On the other hand, pairs of events with low cross-correlation coefficients have been discarded. Though there is a speculation that similar earthquakes are distributed within a distance of a quarter of the predominant wavelength (Geller & Mueller 1980) , only a little is known about how cross-correlation coefficients change with frequency and event separation. Israelsson (1990) estimated the dependence of cross-correlation coefficients on frequency and event separation for events in central Sweden. In particular he found that cross-correlation coefficients were represented by an exponential function of event separation with a correlation distance of 8 km. By analysing huge numbers of events in California Aster & Scott (1993) found that cross-correlation coefficients decay with increasing event separation. These two studies utilized cross-correlation coefficients to identify event clusters. As a criterion for selecting the empirical Green's function, Mori & Frankel (1990) used small earthquakes within 400 m of a target earthquake as empirical Green's functions. The reasons why cross-correlation coefficients decrease with frequency and event separation were not discussed in these studies. Hutchings & Wu (1990) intensively investigated the applicability of empirical Green's functions. They showed that cross-correlation coefficients of S waves are high for event pairs with a separation of less than 1.0-3.0 km depending on the geology of the site. They concluded that waveform similarity is greatly affected by the nearstation heterogeneous structure.
Cross-correlation of ground motions for closely located stations (i.e. a station array) from a given earthquake has been investigated mainly for the purpose of characterizing the heterogeneous structure in the Earth in a stochastic way. Aki (1973) and Capon (1974) studied the correlation of amplitude and phase for teleseismic P waves recorded at a large-aperture array in Montana, and clarified the statistical character of a randomly heterogeneous structure, that is a characteristic scale and a standard deviation of velocity perturbation in the crust and upper mantle beneath it. Using P waves from local earthquakes recorded by seismic arrays, Menke et al. (1990) found that cross-correlation coefficients of P waves decay exponentially with increasing frequency and station separation, and considered that the cross-correlation was strongly affected by the heterogeneous structure beneath the seismic arrays. Hough & Field (1996) also found that cross-correlation coefficients of S waves decay exponentially with increasing frequency and station separation. Horike & Takeuchi (2000) examined the cross-correlation of S waves recorded . Schematic illustration of this study. Two events are located with an event separation of r in a heterogeneous medium. A solid triangle indicates a station with a hypocentral distance of R, which is assumed to be much larger than r. Cor. is an abbreviation of cross-correlation coefficient. The dependence of cross-correlation on separation and frequency is to be examined.
at local arrays of stations and confirmed that their characteristics are affected by the random fluctuation of velocity in sediments based on a numerical modelling.
Using the idea of reciprocity (Spudich & Bostwick 1987) , that an array of events is equivalent to an array of buried stations, there might be the possibility of estimating a randomly heterogeneous structure around an earthquake source from the study of the crosscorrelation of seismograms for an array of events if the hypocentral distance is much larger than the event separation. In this case, the fact that a difference in source characteristics between events will also contribute to a decrease in cross-correlation coefficients should be considered carefully. This idea was originally referred to in a pioneering paper by Frankel & Clayton (1986) and is schematically illustrated in Fig. 1 . However, there seems to have been hardly any practical analysis based on this, so the present paper will form one of the first investigations of this possibility using practical data analysis.
DATA
The 1995 Hyogo-Ken Nanbu (Kobe) earthquake (M w = 6.9) occurred in the southwestern part of Japan on 1995 January 16. This earthquake struck Kobe city and its environs and resulted in more than 6000 fatalities. Immediately after this earthquake, the Japanese University Group for the Urgent Joint Observation of the 1995 Hyogo-ken Nanbu earthquake (GROUP-HYOGO) (Hirata et al. 1996) began observation of the aftershocks. Aftershocks (open circles) determined by GROUP-HYOGO and stations (crosses and solid triangles) are shown in Fig. 2 . It is seen that most of aftershocks were distributed along a northeast to southwest direction. The fault trace of this earthquake trends to N50
• E and the length is about 50 km as shown by a thick gray line in Fig. 2 (e.g. Nakahara et al. 1999) . We chose to study this earthquake because seismograms of many aftershocks were recorded and the source process was clarified in broad frequencies; for frequencies lower than 1 Hz (e.g. Ide et al. 1996; Sekiguchi et al. 1996) and even for frequencies higher than 1 Hz (e.g. Kakehi et al. 1996; Nakahara et al. 1999) .
A N A LY S I S A N D R E S U LT S
Determination of the relative hypocentre and calculation of crosscorrelation coefficients was done by using records of aftershocks obtained by GROUP-HYOGO. 
Determination of the relative hypocentre
To determine the relative hypocentre the following three steps are needed: (1.1) selection of master events, (1.2) selection of smaller events around each master event and (1.3) determination of the hypocentre of smaller events relative to each master event.
First, 11 events with a magnitude between 2.9 and 3.5 are selected as master events from a catalogue of events relocated by GROUP-HYOGO. Locations of the master events are shown as solid dots in Fig. 3 . They are selected so that they are widely distributed throughout the mainshock fault plane (thick solid line between X and Y). There are seven master events in the Awaji region and four in the Kobe region. The magnitude range is set so that seismograms at the stations used do not saturate. Second, smaller events with magnitude of greater than 2.0 are searched for in a region within a horizontal distance of 5 km and a depth of 5 km from a master event (shown by a shaded region in Fig. 3) . A master event and its adjacent smaller events are called a 'cluster'. A number is assigned to each cluster and is shown in Fig. 3 . Third, the hypocentres of these smaller aftershocks are determined relative to each master event, since an accurate separation between a master event and a smaller event should be used in investigating the dependence of cross-correlation coefficients on event separation. A velocity structure listed in Table 1 is adopted following Ohmi (1995) . Only events are used for which P-wave onsets can be read at more than seven out of the 10 stations shown by solid triangles in Fig. 2 . Fig. 4 shows the result of the determination of the hypocentre for cluster 26A located near the initial rupture point of the mainshock. A solid star represents a master event and open circles show smaller events forming the cluster. A map view and cross-sectional views along the fault trace and perpendicular to the fault trace are shown. An error bar shows an interval within one standard deviation in three orthogonal directions. It is found that almost all of the smaller events are located within errors of several hundred metres. Hypocentres queue along a northeast-southwest direction. However, it is not easy to estimate the dip of the fault around here from this hypocentral distribution.
Calculation of cross-correlation coefficients
This procedure comprises three steps: (2.1) selection of seismograms, (2.2) calculation of cross-correlation coefficients for P-wave seismograms and (2.3) investigation of the dependence of crosscorrelation coefficients on event separation and frequency.
First, velocity seismograms with a vertical component with signal-to-noise ratio greater than 2 are selected from events chosen in step (1.3) at two stations, OZKT and FUKT, which are located in the south and the north respectively of the source region (Fig. 2 ). These two stations are selected because they are symmetrically located with respect to the centre of the mainshock fault and they also have a better signal-to-noise ratio than other stations. A threecomponent velocity-type seismometer with a natural frequency of 1 Hz was installed and records were sampled at a rate of 120 Hz at station OZKT. A three-component velocity-type seismometer with a natural frequency of 2 Hz was installed and records were sampled at a rate of 100 Hz at station FUKT. An event gather of seismograms at station OZKT is shown in Fig. 5 . These are vertical-component records which are aligned to the P-wave onset. S waves appear about 4 s after P-wave onsets. For each record, the amplitude is normalized by its maximum one, which has a variation of about one order depending on the size of the event. Although visual similarity of seismograms seems high for some pairs of events, it seems low for others. This point is important in this study, unlike in studies of similar earthquakes, because the reduction in cross-correlation coefficients with event separation and frequency is emphasized. Second, cross-correlation coefficients are calculated for time windows of 2 s including P-wave onsets in four frequency bands of 2-4, 4-8, 8-16 and 16-32 Hz. A fourth-order Butterworth filter is used to bandpass records. If the polarities of P-wave onsets are opposite between two events, an absolute cross-correlation coefficient value is adopted. An example of the calculation of the cross-correlation coefficient is shown in Fig. 6 . In this example a pair of two events with magnitudes of 3.1 and 2.1 has a separation of 0.79 km. For this pair, the cross-correlation coefficients are more than 0.9 in frequency bands of 2-4 and 4-8 Hz. However, the cross-correlation coefficient is as low as 0.34 in the 16-32 Hz band.
Finally, dependence of the cross-correlation coefficients on frequency and event separation is investigated. Fig. 7 shows how crosscorrelation coefficients change with frequency for cluster 26A at the two stations OZKT and FUKT. The mean value (open circles) and the standard error of the mean (vertical bars) are calculated for 105 event pairs at OZKT and 91 pairs at FUKT. Irrespective of the station, cross-correlation coefficients are large for frequencies lower than 8 Hz and are small above 8 Hz. A similar tendency is found for other clusters. Why cross-correlation coefficients exhibit such a tendency will be discussed later. In Fig. 8 , the dependence of cross-correlation coefficients on event separation is shown for cluster 26A at station OZKT. Open circles are cross-correlation coefficients calculated for 105 pairs. Horizontal bars show intervals within one standard deviation of hypocentral location error. A bin of width 1 km is set with respect to separation, and means and standard error of the mean are calculated for pairs of events contained in this bin. Mean values and standard errors of the means are shown by solid triangles and vertical thick bars only for bins including more than 10 event pairs. Although there is much variation in the data it is found that cross-correlation coefficients become smaller with increasing separation. Similar characteristics can be seen for other clusters.
Here, as a measure of the spatial extent of high-correlation pairs of events, we introduce a correlation distance at which crosscorrelation coefficients first become lower than 0.6 with increasing event separation. In Fig. 8 , the correlation distance is estimated as 4.5 km for 2-4 Hz and 4.5 km for 4-8 Hz. The results for station FUKT are shown in Fig. 9 . In this figure, the correlation distance is estimated as 2.5 km for 2-4 Hz and 2.5 km and 4-8 Hz. The estimated correlation distances are summarized in Table 2 . Due to the shortage of data for statistical estimation, a correlation distance is not presented for a few clusters. In Table 2 , 'A' in the cluster name indicates a cluster in the Awaji region in the southwestern part of the mainshock fault. 'K' in the cluster name stands for a cluster in the Kobe region in the northeastern part. The correlation distance clearly shows a regional difference, as shown in Fig. 10 . For the clusters located in the Awaji region, the correlation distance is estimated as less than 4.5 km. On the other hand, the correlation distance is estimated as more than 4.5 km for clusters in the Kobe region.
In short, the correlation distance estimated for clusters in the Kobe region is generally higher than for clusters in the Awaji region. This tendency is commonly seen for results at both OZKT and FUKT stations. The value of the correlation distance is found to be very similar between 2-4 Hz and 4-8 Hz.
D I S C U S S I O N

Dependence of cross-correlation coefficients on frequency
As found in Fig. 7 , cross-correlation coefficients are high for frequencies lower than 8 Hz and decrease with increasing frequency. The reasons for this are considered to be: (1) the difference in the source-time functions between two events and (2) scale-dependent structural heterogeneity along propagation paths. Can we differentiate between these two factors? If the shape of the source-time functions is complex, it is very difficult to discriminate them. Therefore, we only consider the case of simple source-time functions. In Fig. 11 , two triangular time functions with a duration of 0.2 s and 0.1 s are imagined as the initial source-time functions of a master event and a smaller event respectively. Predominant frequencies, approximately the reciprocal of the duration times, are 5 Hz and 10 Hz respectively. Filtering them into two frequency bands of 2-4 Hz and 16-32 Hz, it is found that the filtered traces are similar for the two different source-time functions in the 2-4 Hz band and quite different in the 16-32 Hz band. From this result, the difference in the source-time functions is found to greatly affect the frequency dependence of the cross-correlation coefficients. However, if only frequencies lower than the predominant frequency of a master event (5 Hz in the case considered) are used, the difference in the sourcetime functions has only a small effect and the results mainly reflect scale-dependent heterogeneous structure along propagation paths. From the results of this study, 8 Hz seems to be a characteristic frequency which separates increasing correlation coefficients at lower frequencies and decreasing correlation coefficients at higher frequencies. A frequency of 8 Hz would be a reasonable estimate as the predominant frequency for an event with M around 3. This appears to support the discussion here. Hereafter, the results obtained for frequencies lower than 8 Hz are used in order to eliminate the candidate cause (1) above, although there is a underlying assumption that the shape of the source-time function for small earthquakes is simple.
Dependence of cross-correlation coefficients on event separation
Cross-correlation coefficients decrease with increasing separation between two events, as shown in Figs 8 and 9. The following two factors are considered to be the physical origin of this: (1) a difference in focal mechanism between two events and (2) a difference in propagation path between two events. As shown in Fig. 5 , the ratio of amplitude between P waves and S waves is different for different events, which means that events in a cluster do not always have similar focal mechanisms. Here, the way in which the difference in focal mechanisms affects the cross-correlation coefficients is investigated. With this aim, events for which double-couple focal mechanisms were determined by Yamanaka et al. (1999) difference in focal mechanisms, a minimum rotation angle around an axis (e.g. Kagan 1991) is adopted. Two different double-couple focal mechanisms coincide with each other for four cases of rotation around each axis. The minimum rotation angle is defined as the smallest of the rotation angles for these four cases. This angle takes a value between 0
• and 120
• . The relation between the minimum rotation angle and cross-correlation coefficients obtained for cluster 26A is shown in Fig. 12 . If the difference in focal mechanism has large effect on the cross-correlation coefficient it is expected that cross-correlation coefficients will decrease with increasing minimum rotation angle. However, any significant correlation between them cannot be found: cross-correlation coefficients between these two quantities are −0.12 in the 2-4 Hz band and 0.04 in the 4-8 Hz band for station OZKT, and −0.10 in the 2-4 Hz band and 0.02 in the 4-8 Hz band for station FUKT. Similar results are obtained for other clusters. Therefore, it can be said that a difference in focal mechanism hardly affects the decrease in cross-correlation coefficients. Since only the P-wave pulse in the seismograms is used, the difference in focal mechanisms principally produces a difference of amplitudes not waveforms. That is one possible explanation.
The difference in propagation path between two events should be examined as the cause. A whole propagation path between a source and a receiver can contribute to the decrease of cross-correlation coefficient if the whole medium is heterogeneous. The dependence of cross-correlation coefficient on hypocentral distance is shown in Fig. 13 . Open circles are results for the 2-4 Hz band and open triangles are those for the 4-8 Hz band. Crosses are those estimated for clusters with fewer data. The cross-correlation coefficient for station OZKT has only a weak dependence on hypocentral distance (Fig. 13a) . Excluding crosses, the cross-correlation coefficient is found to be constant or weakly increasing with hypocentral distance. On the other hand, the cross-correlation coefficient for station FUKT clearly decreases with increasing hypocentral distance (Fig. 13b) . The dependence of the correlation distance on the hypocentral distance is shown in Figs 14(a) and (b) . Open circles are results for the 2-4 Hz band and open triangles are those for the 4-8 Hz band. The correlation distance for station OZKT increases with increasing hypocentral distance. On the other hand, the correlation distance for station FUKT clearly decreases with increasing hypocentral distance. If heterogeneity along a whole propagation path predominates, it is expected that the cross-correlation coefficient and the correlation distance will decrease with increasing hypocentral distance. This is consistent with the result for station FUKT. However, results for station OZKT show the opposite tendency. This tendency is difficult to explain by heterogeneity along a whole propagation path. In this study, separation of events is shorter than 10 km and hypocentral distance ranges from 20 km to 60 km as listed in Table 2 . Because the hypocentral distance is much longer than the event separation, the propagation path is only different around the earthquake source. Therefore, we may conclude that the heterogeneity of structure around the earthquake source may be a principal cause of lower cross-correlation coefficients between two events. The fact that the correlation distance depends not on the location of the station but on the location of cluster would corroborate this possibility.
On the other hand Hutchings & Wu (1990) attributed the cause of decreasing cross-correlation coefficients with event separation to the site geology. However, they used a 4-s window of S waves to calculate cross-correlation coefficients for events with M less than 3 whose source duration times were much less than 1 s. Raw seismograms shown in their paper show that waveforms are different in early part of the time window but waveforms are similar in the later part. Site reverberation possibly dominates in the later part of the time window. It is possible that their conclusion was arrived at because the time window was too long to see the near-source effect. 'A' in a cluster name indicates a cluster in the Awaji region and 'K' indicates a cluster in the Kobe region.
Spatial variation of the correlation distance
Following the idea that the correlation distance principally reflects a heterogeneous structure around an earthquake source, the dependence of the correlation distance on the cluster location implies that characteristics of the heterogeneous structure vary along the mainshock fault plane. The correlation distance is generally shorter in the Awaji region than in the Kobe region. Therefore it may be said that the structure around the earthquake source is more heterogeneous in the Awaji region than in the Kobe region. Matsumoto et al. (1998) found that the scattering strength of P waves is strong in the south of the source region. Their result is consistent with our result based on this idea. Kakehi et al. (1996) and Nakahara et al. (1999) found that high-frequency waves radiate strongly from the Awaji region of the mainshock fault due to the envelope inversion of seismograms from the mainshock. They also pointed out that both low-frequency and high-frequency seismic waves radiated from the Awaji part of the fault. Based on the heterogeneous-fault rupture model (e.g. Papageorgiou & Aki 1983; Koyama 1985) , Nakahara et al. (2002) speculated that both low-frequency and high-frequency seismic waves can radiate from the same part of the fault where many smallscale asperities or patches are distributed.
Of course, the size of an asperity cannot be directly related to a characteristic scale of a heterogeneous velocity structure. It cannot be said, either, whether or not the heterogeneity of the structure remains unchanged before and after the mainshock, because only records of aftershocks are analysed. However, we believe that the earthquake source process and the ambient structure have a close relationship to each other. For further investigation, simulation of dynamic rupture propagation in a heterogeneous medium should be performed. In addition, measurement of the topography of a fracture surface for a rock specimen of which the heterogeneous structure is known would also provide us with an important clue to that investigation.
Here, we also note the difference between correlation distances estimated from source arrays and those from station arrays. In this study, correlation distances were estimated to range from 1.5 km to 7.5 km or more by using arrays of events. Previous studies of Israelsson (1990) and Aster & Scott ( 1993) , which were mentioned in the introduction, also obtained a correlation distance of several kilometres for source arrays. On the other hand, correlation distances of the order of several hundred metres were estimated for station arrays using local earthquakes (e.g. Menke et al. 1990) . This difference may imply that the degree of structural heterogeneity around earthquake sources is different from that near stations. In order to investigate this problem in more detail, a pair of source arrays and station arrays deployed in the same region would be useful.
Effect of length of the time window on cross-correlation coefficients and correlation distance
In this study a time window of length 2 s was used for calculation of cross-correlation coefficients. Here, the way in which crosscorrelation coefficients and correlation distances change with the length of the time window are investigated by using time window lengths of 1 s and 3 s. The results for cluster 26A using these time windows are shown in Fig. 15 and Table 3 as an example. Crosscorrelation coefficients decrease with increasing length of time window as shown in Fig. 15 . The increase in time window length by 1 s seems to decrease cross-correlation coefficients by about 0.1. This tendency was commonly seen for all the clusters. window of 1 s is used, the correlation distance cannot be estimated within the range of event separations used in this study for some clusters, because the cross-correlation coefficient never becomes smaller than 0.6. On the other hand, when a time window of 3 s is used, the correlation distance estimated does not differ strongly from that for a time window of 2 s (Table 3) . From these results, we conclude that the correlation distance depends on the time window used for calculating the cross-correlation coefficient. This is probably because waves arriving in different time windows propagate in different parts of the medium. In this paper, a correlation distance of cross-correlation coefficients between seismograms for closely located events is proposed. Although care should be taken with the length of the time window used when considering which part of the medium to investigate, the correlation distance possibly reflects the heterogeneous structure around an earthquake source. Study of the correlation distance will become one means of clarifying the heterogeneous structure around an earthquake source on a shorter scale. For that purpose, the correlation distance should be quantitatively related to a characteristic length of heterogeneous structure based on a simulation of wave propagation, and a method for inverting the correlation distance should be developed for the heterogeneous structure around an earthquake source.
C O N C L U S I O N
Using records of aftershocks of the 1995 Hyogo-Ken Nanbu earthquake, we investigated how cross-correlation coefficients of seismograms for closely located events change with frequency and event separation. For 11 selected clusters, determination of the relative hypocentre with respect to master events was performed in order to improve estimates of event separation. Relative hypocentres were located within errors of several hundred metres for most of the earthquakes. Cross-correlation coefficients of seismograms at two stations were calculated for pairs of events in each cluster. Cross-correlation coefficients are high below 8 Hz and decrease with increasing frequency above 8 Hz. It was also found that cross-correlation coefficients decay with increasing event separation. If the source-time function of small earthquakes has a simple shape, it is thought that the dependence of cross-correlation coefficients on event separation below 8 Hz is mainly influenced by the heterogeneous structure around the earthquake source. The correlation distance was introduced as the distance where cross-correlation coefficients first become less than 0.6 with increasing event separation. The correlation distance exhibits a clear regional difference: it is less than 4.5 km in the Awaji region and more than 4.5 km in the Kobe region. This result implies that the heterogeneity of structure around the earthquake source is stronger 1s 2s 3s 1s 2s 3s in the Awaji region than in the Kobe region. We think that the correlation distance may be an indicator of the heterogeneous structure around an earthquake source. It is necessary to develop a method to invert the correlation distance for the heterogeneous structure around an earthquake source, which may have a close relation to the rupture process itself.
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